Finite element representative unit cell models are established for the study of progressive failure of woven fabrics: plain weave, twill weave, and satin weave. A multi-scale approach ranging from the meso-scale to micro-scale regime is used, providing the failure observation inside the constituents. The constituent stresses of the fiber and matrix in the warp and fill tows of the woven fabric unit cell are calculated using micromechanics. Correlations between meso-scale tow stresses and micro-scale constituent stresses are established by using stress amplification factors. After calculating micro-scale stresses, the micromechanics of failure damage model is employed to determine the progressive damage statuses in each constituent of woven fabric composites. For the matrix of tows, a volume-averaging homogenization method is utilized to eliminate damage localization by smearing local damages over the whole matrix region of the unit cell. Subsequently, the ultimate strength is predicted for woven composites with different tow architectures. The prediction results are compared with the experimental values, and good agreement is observed.
Introduction
Woven fabric composites are becoming increasingly appealing to composite users and considered as an alternative of conventional laminated composites. Woven fabrics are widely used in the aerospace, automobile, and marine industries due to advantages in terms of their good out-of-plane properties, lower fabrication cost, and good impact energy absorption (Bystro¨m et al., 2000; Donadon et al., 2007; Fagiano et al., 2014; Key et al., 2007; Mayes and Hansen, 2004; Scida et al., 1998; Sheng and Van Hoa, 2001; Tang and Whitcomb, 2003; Zako et al., 2003) .
The damage progression of woven composites is associated with tow architecture and materials properties of fiber and matrix.
Two-dimensional woven fabrics are produced by the interlacing of warp (0 ) and fill fiber tows (90 ) in a regular pattern or weave style. Depending on the weave architectures, woven fabrics are categorized into plain weave, twill weave, and satin weave (Figure 1 ). Due to the tow architectures and the anisotropic material behavior, it is a challenging issue to fully predict the mechanical behavior of woven fabrics (Zako et al., 2003) . To study the mechanical behavior of woven fabrics, many research works have been carried out both analytically and numerically. An analytical model was developed by Donadon et al. (2007) to predict the effective material properties based on classic laminate theory. Scida et al. (1998) proposed an analytical model to predict three-dimensional (3D) elastic and failure properties. Bystrou¨m et al. (2000) used two conventional analytical models to calculate the elastic properties of woven fabrics. Although analytical models are preferred in many cases due to their simplicity and efficiency, the multi-scale approach is gaining an increasing interest to pursue greater accuracy and explore the damage mechanisms. With the advancing of computer technologies and finite element (FE) methods, the meso-scale representative unit cell (RUC) models have been developed and studied in many research works, which allows detailed observation of the stress distribution and damage propagation of woven fabrics. Fagiano et al. (2014) presented a strategy for the meso-scale modeling of woven ceramic composites to study the matrix tow damage mechanisms. Tang and Whitcomb (2003) introduced meso-scale modeling of several types of woven fabrics and compared the damage behaviors considering progressive failures. Combing the meso-scale RUC models and micro-scale unit cell (UC) models, the damage analysis can be extended from the meso level (tows) to the micro level (fiber and matrix). Multi-continuum theory (MCT) is currently a popular numerical method and widely adopted, which can extend the analysis from macro level to micro level and allow failure and damage observation on the constituents. Key et al. (2007) used MCT to develop two progressive failure models for the analysis of plain weave composites, and they treated the weave as separated but linked continua fiber bundles. Mayes and Hansen (2004) studied the mechanical behavior of woven fabrics under uni-and multi-axial loading by deriving the constituent stresses and strains using MCT. The above-mentioned works provided insight to the authors of this study into how to model the woven fabric composites accurately and take into account the damage initiation and evolution of woven fabrics.
The goal of this study was to observe the material behavior of woven fabric composites under tensile loading and predict the progressive failure behavior using micromechanics of failure (MMF; Jin et al., 2008; Tay et al., 2008) . In MMF-based modeling, data are transferred between the meso- scale (fiber architecture level) and micro-scale (fiber UC level) models; the meso-scale structural analysis is used to inform the micro-scale UC model regarding meso-scale stresses as shown in Figure 2 . The 3D micro-scale UC model used in the MMF theory provided fully 3D multi-axial micro stresses for each constituent based on linear material models. The damages to different constituents were distinguished based on each constituent damage model. In order to avoid damage localization inside the matrix of the tow, a volume-based damage homogenization method was adopted to smear the local damages throughout the overall matrix zone of the micro-scale UC. The effective material properties of tows in the meso-scale UC were recalculated from the microscale UC model with degraded constituent material properties. The damage propagation inside the tows and the matrix was then observed. This MMF-based approach was applied to different types of woven fabrics to demonstrate its validity and feasibility.
Micromechanics-based progressive damage model

Meso-mechanical FE model
To predict the behavior of woven fabric composites, it is critical to develop an idealized FE model to represent the real woven structures. The real architecture of fiber bundles can be accurately modeled based on the general modeling parameters of woven composites. Nguyen et al. (2013) have done much work on modeling of woven structures, taking account of the cross section and undulation of the tow. In this paper, the tow is modeled by a lenticular-shaped cross section sweeping along the undulation path as in Nguyen et al. (2013) . The lenticular cross-sectional shape is controlled by two parameters: w and t ¼ width of the tow and its thickness (Figure 3 ). In the modeling of woven fabric composites, the undulation of tows is critically important in determining the resulting material behaviors. For the plain weave, one period of the undulation path is composed of two arcs of the same radius. For the twill and satin weave, in addition to the arcs, straight lines are inserted between the arcs (Figure 4) , and the length of the straight lines is determined by the number of tows over which the tow in the perpendicular direction passes. The undulation of tows is controlled by width of the tow and two other parameters: A and " ¼ amplitude of the undulation and the gap between two adjacent tows ( Figure 4 ). Warp tows and fill tows are then arranged in a regular weave style and a certain gap between tows, after which the matrix is merged with the tows. The merged part is finally cut out of the arranged tows as a UC. Figure 5 demonstrates woven fabric UC models for different weave styles. The complete UC was composed of the tow and the pure matrix ( Figure 6 ). The modeling and mesh generation were performed in the Abaqus FE environment. Fagiano et al. (2014) carried out the comparison between the hexahedral meshes and tetrahedral meshes, which gave us the confidence to use tetrahedral meshes in the modeling of matrix. In this study, we used hexahedral meshes in tows and compared the analysis results with various-sized meshes, which led to a both computation-efficient and accuracy-guaranteed mesh size. In order to ensure that the UC could simulate the behavior of the entire fabric, periodic boundary conditions (PBCs) were applied on the UC (Xia et al., 2003) . The constraint equations required by the PBCs are established in our previous work, which also verifies the PBCs by comparing the contour distribution of a UC model with that of a multi-cell model (Xu et al., 2012) .
In the modeling of woven composites, fiber volume fraction is a significant factor of concern. The total fiber volume fraction of the UC depends on the fiber volume fraction in a tow and the tow volume fraction in the UC, which can be expressed as follows (Goyal et al., 2005) where V fT is the total fiber volume fraction, V t is the tow volume fraction in the UC, and V f is the fiber volume fraction in the tow. In real woven structures, fiber volume fraction can reach a high value which ranges from 0.5 to 0.6, because tows can squeeze with each other tightly and therefore form a net shape. Hence, it is critical that the FE model can reach that high volume fraction. By narrowing the gap between the adjacent tows but still allowing the matrix to dwell in the gap, the fiber volume fraction can increase to some extent. In this study, the fiber volume fraction in the tow V f is set 0.78 (Xu et al., 2012) . The overall fiber volume fraction will be presented in the following section together with other modeling parameters.
Effective material property of tows
Since tows are the basic constituents of woven fabrics, it was critical to predict the effective material properties of tows before predicting the material behavior of woven fabrics. To calculate the effective material properties of tows, they were assumed to be idealized hexagonal fiber arrays ( Figure 7) ; this assumption has been proven to be accurate enough to represent the real fiber array . The hexagonal UC of the idealized fiber array was used in the FE analysis to calculate the effective material properties of the tow (Figure 7(c) ). A linear stress-strain relation for a tow at the meso-scale level can be formulated as follows (Ha et al., 2010 ) where " p is the meso-scale stress in vector form, " e being the meso-scale strain in vector form, and " C is meso-scale stiffness matrix. The component form of equation (2) for orthotropic material can be written as
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Thus, by inverting the meso-stiffness matrix " C, the meso-compliance matrix " S could be obtained. By definition, effective material properties or engineering constants of tows can be computed from entities of " S (Jin et al., 2008).
Stress-strain amplification factors
Woven fabric composites are composed of tows and pure matrix, which is confined to the mesoscale. In order to bridge the meso-level analysis with the micro-level analysis, a micromechanical model is required to characterize the micro structure of the tow, which is treated as a curved continuous fiber-reinforced lamina. Using the hexagonal micro UC model ( Figure 7 (c)), the constituent behavior was directly related to the tow behavior. The stresses in the tow were converted to micro stresses of each constituent, which returned the damage factors after damage analyses. Based on the damages, the stiffness of each constituent was degraded accordingly and the effective properties of the tow were subsequently recalculated through the micro UC.
To establish the correlation between meso-scale tow stresses and micro-scale constituent stresses, the concept of the stress amplification factor (SAF) was developed, allowing the correlation to be expressed by the following formulae (Ha et al., 2010; Jin et al., 2008) 
where " p, p f , and p m represent the meso-scale stresses, the micro stresses in the fiber, and the micro stresses in the matrix, respectively. The SAFs for the meso stress M and for the temperature increment A were determined through direct FE analysis of a micro UC with proper boundary Figure 7 . Scheme of effective property prediction of tows: (a) tows of woven fabrics, (b) hexagonal fiber arrays (Ha et al., 2010) , and (c) hexagonal unit cell.
conditions. The complete form of equation (4) 
The strain amplification factors for the meso-scale strain and temperature increment could then be converted from the SAFs by the following formula
where S and " S represent the constituent compliance matrix and the UC compliance matrix, respectively.
Constituent damage models
Because each constituent has distinct mechanical properties, it is rational to propose a separate failure criterion for each constituent. Matrix materials are, in most cases, isotropic but have different tensile and compressive strengths which contribute differently to matrix failure. Raghava et al. (1973) suggested a modified version of the von Mises failure criterion (Ha et al., 2010) in terms of tensile strength T m and compressive strength C m
where I 1 and VM can be calculated from stress components using the following equations
This failure criterion of equation (6) is comparable to the condition that an equivalent stress eq reaches the tensile strength T m
where is defined as the ratio of the matrix compressive strength to the tensile strength. The equivalent stress eq is often called the Stassi's stress. Based on the stress-strain relations, the equivalent stress could be converted to the equivalent strain by the following equation
where J 1 is the first strain invariant, v is the Poisson's ratio, and " VM is the von Mises equivalent strain. J 1 and " VM can be calculated from strain components using the following equations (Jin et al., 2008)
In this study, the damage evolution was determined by the equivalent strain, which is a scalar measure of the strain components. Using the equivalent strain and equivalent stress, we proposed a simplified yet sufficient multi-linear stress-strain damage model for the matrix, as illustrated in Figure 8 (a). Before damage occurs in the matrix, the mechanical response follows the linear stress-strain relation. Once damage occurs, depending on the damage status, the matrix exhibits hardening behavior followed by softening behavior. In both hardening and softening processes, the stiffness is degraded based on the damage factor D m , which is governed by the following formula Note that in the meso-scale woven composite model, there are two types of matrix: one is pure matrix, which encapsulates the tows, and the other is virtual matrix inside the tows. The abovementioned concepts were sufficient for modeling damage in pure matrix. However, additional scale is needed to model the microcracking of matrix in the tow (Fish et al., 2001) , which, in our case, was considered by using a hexagonal micro-scale UC.
Macro stress " was applied on the micro-scale unit model, and the micro-scale stress-strain distribution in the matrix was determined sequentially (Figure 9(a) and (b) ). After damage analysis for the matrix, some matrix elements stay intact while others are damaged (Figure 9(c) ). To ensure computational stability, the maximum value of D m was set to 0.9 (Hashimoto et al., 2012) . After each element's damage factor is computed, a critical issue appears: how to determine the overall damage in the matrix zone. In our study, we adopted a damage homogenization approach to compute the overall damage factor of the matrix in tows, which was based on nonlocal damage theory (Bazant et al., 1988) and accomplished by volume averaging (Allen, 2001 ). The essence of the damage homogenization method is to smear the local damages over the whole characteristic volume of the material (see Figure 9 (d)). We defined the overall damage factor of the matrix zone using the following equation
where p is a positive weighting parameter for the local damage, and V represents the overall volume of the matrix zone of the micro-scale UC. In this approach, the weighting parameter p plays an important role. From the mathematical expression, it can be predicted that increasing p will diminish the effects of local damage because D m can never exceed 1. However, considering the real damage situation, p should not be set over 1 because the local damage should not be underestimated. Figure 9 . Procedure of micro-scale matrix damage processing: (a) apply meso-scale loading and perform finite element analysis, (b) obtain micro-scale matrix stresses, (c) calculate the damage factor of each matrix element, and (d) calculate the overall matrix damage by averaging local damages.
Considering the degradation of stiffness, the constitutive relationship of the matrix was given as
where C m represents the stiffness matrix of the overall matrix zone in the micro UC.
A maximum longitudinal stress failure criterion was adopted for the fiber
where f11 denotes the micro-scale longitudinal stress in the fiber, and T f and C f denote the fiber's longitudinal tensile and compressive strengths, respectively. Once the longitudinal stress reaches the tensile or compressive strength, the fiber will fail and its stiffness will be dramatically degraded (Figure 8(b) ). Therefore, the local fiber damage factor is set to 0.9 (Hashimoto et al., 2012) once fiber failure occurs
In this study, we assumed that fiber materials are brittle and that the failure of one element is catastrophic to the overall region of the fiber. Therefore, the overall fiber damage factor was defined as the maximum damage factor of all elemental damage factors
where D j ð Þ f represents the damage factor of the jth fiber element. The constitutive relationship of the fiber was then given as
where C f represents the stiffness matrix of the overall fiber zone inside the micro-scale UC.
Numerical implementation of constituent damage models
The overall algorithm combining micromechanics and the progressive damage model is illustrated in Figure 10 . We first calculated the total global strain " " ðnÞ at the beginning of the global time n by adding the global strain increment Á " " ðnÞ to the global strain at the previous time step " " ðnÀ1Þ . Since woven composites are composed of pure matrix and tows, the following flow is divided accordingly into two branches: one branch for the tow and the other branch for the pure matrix.
For the tows in woven composites, we calculated the macro stress " ðn,iÞ t for each element in the tow based on the previous effective stiffness " C nÀ1,i ð Þ t of the corresponding element. Multiplying with the SAFs, we then computed the micro stress in both the matrix zone ( j ð Þ m ) and the fiber zone ( j ð Þ f ) from the macro stress " n,i ð Þ t for each element in the micro-scale UC model using equation (5). We then applied constituent failure criteria to both the matrix and the fiber using equations (7) and (15), respectively, and employed constituent damage models to compute the damage factor for each element j in the matrix zone (D (12) and (16), respectively. After obtaining damage factors for all elements of the micro-scale UC, we calculated the overall damage factors of both the matrix zone ( " D m ) and the fiber zone ( " D f ). For the matrix, the damage homogenization method was applied by the application of equation (13). For the fiber, the maximum damage method was adopted using equation (17). The damage factor in each time step was compared with the damage factor from previous time step, choosing the maximum of the two to ensure that the damage factor would never decrease. We then degraded the matrix and fiber moduli using equations (14) and (18), respectively, and calculated the effective properties of the tow through the micromechanical model for the next global time increment. To ensure that the analysis was computationally efficient, the effective properties were calculated in advance and the resulting data with respect to different damage statuses were stored in a table. For damage statuses not in the table, the effective properties were calculated using linear interpolation.
For the pure matrix in woven composites, we calculated the macro stress " n,q ð Þ m for each element based on the previous effective stiffness " C nÀ1,q ð Þ m of the corresponding element. The matrix failure criterion was then applied using equation (7), and the matrix damage model was then employed to attain the damage factor of each element D q ð Þ m using equation (12). The damage factor in each time step was compared with the damage factor from the previous time step and the maximum one was chosen. We then degraded matrix moduli for the next global time increment.
Calculation was performed using the commercial FEA software Abaqus 6.11-1 combined with the user-defined subroutine USDFLD (Abaqus version 6.11).
Experiments
Tensile tests were performed on plain woven composites in the carbon/epoxy material system and special statin woven composites in the glass/epoxy material system. The geometrical properties of the dry plain woven fabrics are listed in Table 1 . Both warp tows and fill tows have the same width and thickness as well as the gap between tows. Figure 11 shows the dry plain woven fabrics and the corresponding model which was established based on the geometrical properties. In the modeling, the volume fraction of tows inside the RUC is 0.632, while the fiber volume fraction in the tows is 0.78. Therefore, the total fiber volume fraction is 0.493 using equation (1). Figure 12 shows the 4-harness irregular satin woven fabric composites, which is different from the conventional satin weave fabrics due to the irregular arrangement of fill tows and the thickness difference between warp tows and fill tows. The geometrical properties of the 4-harness irregular satin woven fabrics are listed in Table 2 . The thickness of fill tows is one sixth of that of warp tows. The gap between the adjacent warp tows is close to 0. The gap between one set of two adjacent tows is close to 0, while the gap between the adjacent sets is 0.85 mm as demonstrated in Figure 12 . In the modeling, the volume fraction of tows inside the RUC is 0.58, while the fiber volume fraction in the tows is 0.78. Therefore, the total fiber volume fraction is 0.45 using equation (1).
Dry fabric was placed on a steel panel (Figure 13 (a)), and then was impregnated with resin using resin infusion (Figure 13(b) ). The impregnated fabrics were moved into a curing chamber, and the temperature was ramped from 30 C to 80 C over 2 h and then maintained 80 C for 3 h. The curing temperature was ramped again to 120 C and maintained at 120 C for 3 h. After curing, the tabs were attached to the cure panels and the specimens were fabricated (Figure 13(c) and (d)) .
A universal test machine was used to provide static tensile loading, and strain gauges were used to measure the mechanical response of the specimen. Loading was increased until the specimens broke. Figure 14 depicts two specimens broken in the tensile test, from which different broken modes between different types of woven fabrics can be observed. 
Results and discussion
Material properties of plain woven fabrics Table 3 presents the constituent material properties of the fibers (T300), where the strength property was back-calculated from in-house tensile tests of unidirectional laminates and coincided with the fiber Figure 13 . Fabrication procedure of specimens of plain weave specimens: (a) dry plain woven fabrics, (b) resin infusion, (c) woven fabric panel after curing, and (d) woven fabric specimens after tab attachment. strength properties in Zhou et al. (2001) . Table 4 presents the properties of the matrix, established by in-house testing. Table 5 shows the effective properties of tows, which were calculated from the microscale UC (see Figure 7 (c)) using the inputs of the elastic properties of the fiber and the matrix, as well as the fiber volume fraction in the tow. The properties of the matrix and tows were then assigned to the plain woven UC models. The multi-linear damage model for the matrix was formulated based on inhouse test data and contained both hardening and softening procedures (Figure 15 ). Table 6 presents the constituent material properties of the glass fibers (E-Glass), where the strength property was back-calculated from in-house unidirectional tests. The material of the matrix is the same as that used for the plain woven fabrics. Table 7 shows the effective properties of tows, which were also calculated from the micro-scale UC. The properties of the matrix and tows were then assigned to the satin woven UC model. The same multi-linear damage model for the matrix was adopted (Figure 15 ).
Material properties of satin woven fabrics
Progressive damage analysis of plain weave and satin weave fabrics
In order to validate the proposed methodology, we applied our micromechanics-based progressive damage model to plain and satin weave fabric composites and compared results with the experimental data. To understand the damage mechanism, we also followed the damage propagation by observing the damage contour of each constituent at different loading increments for various braiding angles. It should be noted that the following predictions were based on the DH method using the weighting parameter p ¼ 1, the effects which have been studied in our previous works (Xu et al., 2014) . As shown in Figure 16 , for the plain weave fabrics, the stress-strain prediction shows much nonlinearity. As can be seen from the damage contour, at point A, most damages in the pure matrix occurred on the interfacial region adjacent to the tows. In the tow, a lot of matrix damages occurred, and especially in the fill tows, a large amount of matrix damages occurred because matrix takes most of the loads in the fill tows. At point B, damages swiftly propagated to other regions in the pure matrix, and in the tow, both matrix and fiber damages increased drastically. In the stressstrain curve, there was a sudden drop before point B, which was led by the fiber failure and can be observed from the fiber damage contour. The rapid propagation of matrix damages in both pure matrix and matrix in tows was also caused by the failure in the fiber which is incapable of taking loads. It can be deduced that fiber failure is catastrophic for the ultimate failure of plain weave fabrics under on-axis loadings.
For the satin weave fabrics, as demonstrated in Figure 17 , the stress-strain prediction is quite linear comparing with the stress-strain curve of plain weave fabrics. Because the tows in x-direction are six times thicker than the fill tows in y-direction; therefore, the satin weave fabrics exhibit stronger mechanical performances in x-direction than those in y-direction. From the damage contour, at point A, most damages in the pure matrix occurred on the interfacial region. In the tow, a lot of matrix damages occurred, and especially in the fill tows, a large amount of matrix damages occurred because the fill tows are in the transverse direction and therefore matrix takes most of the loads and exhibits a lot damages. At point B, there was also a sudden drop in the stress-strain curve, and damages propagated to other regions in the pure matrix, and in the tow both matrix and fiber damages increased drastically, which was also led by the fiber failure and can be observed from the fiber damage contour. From the observation, it can be concluded that fiber failure is dominant to the ultimate failure of satin weave fabrics. From the simulation and testing process, it can be clearly observed that the damage initiated from the matrix both inside the tow and encapsulating the tow, and the severest damages occurred in the contact area between the tows. Under the on-axis loading, the damage finally propagated to the fiber and led to the catastrophic failure.
Parametric studies of woven composites
We performed the progressive damage analysis on two types of woven composites and compared with the experimental data, which validated our MMF-based approach and motivated us to apply this approach to different types of woven composites with different parameters and investigate the mechanical performances. As mentioned above, the main weave architectures include plain weave, twill weave, and satin weave and, therefore, we carried out parametric studies for these three types of woven composites in the carbon/epoxy material system. For parametric studies, the geometrical parameters and damage models are the same as before, while the only difference is the tow architecture.
For the twill woven fabrics, the weave is made by interlacing one or more warp tows alternately over or under two or more fill tows. Therefore, we studied different twill weaves by interlacing warp tows over m (m ¼ 1) and under n (n ¼ 2, 3, and 4) fill tows as shown in Figure 18 . The plain weave is a special case of the twill weave with n ¼ 1 and m ¼ 1. The stress-strain predictions (Figure 19 ) reveal that both the stiffness and the ultimate strength increase as n increases. Similar to plain woven fabrics, the stiffness increases due to less tow undulation in the RUC, but the stiffness difference is not prominent. Likewise, the strength difference is also small. Therefore, the variation of n has limited effects on the mechanical behavior of twill woven fabrics under longitudinal tensile loadings.
The satin weave is defined by n number of tows crossing and passing under before the tow repeats the pattern. The most typical satin weaves include n ¼ 4, n ¼ 5, and n ¼ 8. Therefore, we studied different satin weaves by choosing different n (n ¼ 4, 7, and 8) as shown in Figure 20 . The stressstrain predictions (Figure 21) show that both the stiffness and the ultimate strength increase as n increases with a small amount. Similarly, the stiffness increases due to less tow undulation. All three cases exhibit similar damage distribution where most damages localize in the crossing region of warp tows and fill tows. From the comparison, it can be seen that three different satin weaves have similar mechanical behavior under longitudinal tensile loadings.
Aside from comparing the same types of woven RUCs with different architectures, it is significant to compare the mechanical behaviors of different types of woven fabrics. Therefore, we selected three most common types of woven fabrics for comparison: plain weave (n ¼ 1), twill weave (n ¼ 2, m ¼ 1), and satin weave (n ¼ 4) as shown in Figure 22 . From the stress-strain predictions in Figure 23 , it can be observed that satin woven fabrics have highest stiffness while plain woven fabrics have the lowest stiffness. The stiffness difference among them is small and caused by the tow undulation. The strengths of these three types of woven fabrics are quite close to each other, and the damage contour shows that the cracking path tends to propagate in the tow intersection region. Therefore, from the comparison it can be observed that these three types of woven fabrics have similar mechanical response under tensile loadings with a small difference in longitudinal tensile stiffness.
Conclusions
In this study, we presented an MMF-based progressive damage model for predicting the ultimate strength of two types of woven composites with two different material systems. Our model begins with the constituents of composites, fiber, and matrix and simulates the material behavior of woven fabrics by tracking damage propagation for each constituent. The contour of damage propagation for each constituent was obtained using our micro-mechanical model, allowing us to clearly understand the detailed damage mechanisms of woven composites. Parametric studies were performed to explore the similarities and differences among different types of woven composites, and the mechanical behavior of each type of woven fabrics was studied. Since our MMF-based model begins with the fundamental constituents of materials, once the properties of constituents are obtained, any type of composite material and structure can be analyzed under various circumstances such as thermal and moist environments. Therefore, our model has a wide range of applications, and in our future work, we will apply our approach to predict the mechanical behavior of woven composites under shear loadings and compare with our in-house experimental data.
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